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Employing the density-functional theory within the generalized gradient approximation, we investigate the inter-
action between atomic Si and the Cu(100) and (111) surfaces. Various structures of on-surface adsorption as well
as surface-substitutional adsorption for a wide range of Si coverage are considered. Our results show that both
Cu(100) and (111) surfaces are active for adsorption of Si. The c(2 2)-Si/Cu(100) surface alloy is energetically
favourable for a large range of Si chemical potential while c(2  2)-Si/Cu(111) is energetically favourable only
under Si rich conditions.
PACS: 68. 55. Jk, 71. 15.Mb, 71. 15. Ap
The interface formed by depositing Si on Cu sur-
face is crucial for applications in the microelectron-
ics. As a result, the interface of Si/Cu(110) has
been studied recently by a combination of dier-
ent experimental methods, such as scanning tun-
nelling microscopy (STM), x-ray photoemission spec-
troscopy (XPS), or ultraviolet photoemission spec-
troscopy (UPS).[1 8] Therefore some special features
by depositing Si on Cu(110) surface are observed:
(i) Ordered surface alloy c(2  2)-Si/Cu(110) was
formed for Si coverage below 0.5 monolayers (MLs);
0.7MLs of total Si coverage on clean Cu(110) surface
leads to formation of (2  2) Si atomic chains that
were considered as a one-dimensional superstructure,
and may have potential applications. This is clearly
dierent from the reversed deposition sequence, i.e.
Cu deposited on Si surface, since it can result in
sharp interface or formation of copper silicides de-
pending on the growth conditions.[9 12] Furthermore,
the atomic structure of c(22)-Si/Cu(110) can be con-
sidered as a new type of surface alloy because both
the atoms have dierent natures, and no bulk com-
pound is known for this SiCu composition. It is a
surface alloy of semiconductor{metal type, dierent
from that of the metal{metal type already reported
on Cu surface (for example, c(2 2)-Au/Cu(100) sur-
face alloy). (ii) The c(22)-Si/Cu(110) surface shows
large buckling with the topmost Si layer vertically dis-
placed inward by 0.24A. Though other c(2  2) sur-
face alloys have been reported on Cu surfaces, for
example Au/Cu(100), Pd/Cu(100), Mn/Cu(100) and
Mn/Cu(110), their stability and buckling mechanism
can be explained on the basis of atomic diameters of
the constituting elements, and magnetic interaction.
For the c(2  2)-Si/Cu(110) surface the inward sur-
face relaxation cannot be explained by these consider-
ations since both atoms have very similar atomic radii
and magnetic properties are not present. Therefore,
Rojas[3] proposed that a strong chemical bonding ex-
ists between the Si deposited atoms while Magaud[13]
suggested that it is Si{Cu bonds instead of Si{Si bonds
that are responsible for the Si displacement.
In contrast, theoretical studies of Si on Cu sur-
face are rather limited. The electronic structure of
c(2  2)-Si/Cu(110) was studied using the Extended
Huckel Theory (EHT).[7] Magaud reported the atomic
structure of c(2 2)-Si/Cu(110) by an ab initio pseu-
dopotential approach.[13] In an attempt to learn more
about the rst stages of interface formation we pre-
sented preliminary results in Ref. [14] about Si ad-
sorption on Cu(110) surface. In the present work we
report a systematic ab initio study of the coverage de-
pendence of the physical and chemical properties of
Si adsorption on Cu(100) and (111) surface. Our goal
is to extend the previous investigation[14] to Cu(100)
and (111) surfaces, and to add to the physical under-
standing of the Cu{Si bond. We focus mainly on the
interaction of atomic Si with Cu(100) and (111) sur-
faces for various Si adsorption geometries as a rst
step towards an understanding of the elementary pro-
cess of the semiconducting deposit on metal surface.
To date, though there have no experimental reports
about Si depositing on Cu(100) and (111) surfaces;
the adsorption of Si on these low index Cu surfaces is
of fundamental interest in relation to understanding
the nature of the Si{Cu bond in general and com-
parison with other similar systems, e.g. Ge on Ag
surface.[15;16] It is also interesting to see if it is possi-
ble to form ordered structures on Cu(100) and (111)
surfaces.
The density-functional theory total energy calcula-
tions are performed with the SIESTA code,[17] employ-
ing the Perdew{Burke{Ernzerhthe generalized gradi-
ent approximation (PBE-GGA) for the exchange cor-
relation functional. We have used (2 2) surface unit
cell for (100) and (111) surfaces and performed cal-
culations for Si coverage ranging from 0.25 ML (one
Si adatom) to a full monolayer (four Si adatoms).
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Many dierent atomic arrangement involving struc-
tures with pure on-surface and surface-substitutional
Si adsorption on Cu(100) and (111) surfaces are con-
sidered in order to identify the energetically favourable
geometries. The most relevant atomic structures are
shown in Figs. 1 and 2. Test calculations show that
adsorption structures with Si2 dimer and Si3 cluster
are not favourable in energy, so they were excluded
from further consideration.
The stability of various Si/Cu structures is anal-
ysed with respect to the average adsorption energy
and surface free energy. The average adsorption en-







where EslabSi=Cu is the total energy of Si/Cu surface un-
der consideration, and EslabCu is that of the reference
system, i.e. the clean Cu(100) and (111) surfaces. NSi
and NCu are the number of Si and Cu atoms with re-
spect to the reference system respectively, and Si and
Cu are the respective chemical potential of Si and Cu.
Note that consideration of NCu and Cu is necessary
only for substitutional structures. In the calculation
of average adsorption energy Si is set to be equal to
the bulk energy of Si in the diamond structure while
Cu is the bulk energy of Cu in the fcc structure. For
the same Si coverage, the adsorption energy for dier-
ent Si congurations (e.g. on-surface adsorption and
substitutional adsorption) can be compared directly,
and whichever conguration has the lower energy is
the energetically favourable one. In order to compare
results at dierent coverage we calculate the relative







Cu  NCuCu  NSiSi): (2)
In the present work we give the surface energies in
dependence of the Si chemical potential.[14]
Fig. 1. Possible atomic geometries of on-surface and substitutional adsorption on Cu(100) surface for various Si coverage
(top view). Ai, Bi, Ci, and Di are for Si coverage of 0.25, 0.5, 0.75, and 1.0ML, respectively.
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Fig. 2. As Fig. 1 but for Cu(111) surface. Only the two outermost surface layers of Cu are shown.
The calculated average adsorption energies Eads
for Si on the Cu(100) and (111) surfaces with respect
to bulk Si are shown in Figs. 3(a) and 3(b), also listed
in Figs. 1 and 2. The striking features are as follows.
(i) The most favourable structures for every Si cov-
erage have the exothermic adsorption energy, indicat-
ing that these low index Cu surfaces are highly active
towards the adsorption of Si. (ii) For structures of
the same coverage, most mixed phases involving sub-
stitutional adsorption have lower adsorption energy
than those of pure on-surface adsorption. The excep-
tions are for Si adsorption at Si coverage of 1ML. On
Cu(111) surface the structure of pure on-surface ad-
sorption Fig. 2(2D1) becomes slightly more favourable
than those of substitutional adsorption, though the
dierence in adsorption energy is small (only about
0.1 eV/atom), while on Cu(100) surface the structures
of pure on-surface adsorption Fig. 1(1D1) and mixed
phase Fig. 1(1D2s) are degenerate in energy within
the accuracy of the present calculation. (iii) For mixed
phases substitutional adsorption on the second out-
ermost surface layer is less favourable than that on
the rst outermost surface layer. For example, com-
pare 1.28 eV/atom for Fig. 1(1A2s) to 0.96 eV/atom
for Fig. 1(1A3s), and 0.98 eV/atom for Fig. 1(1B3s) to
0.90 eV/atom (1B4s) on Cu(100) surface. Thus, the
structure of deeper layer substitutional adsorption is
excluded from further consideration. The reason that
substitutional adsorption is more preferable than pure
on-surface adsorption (especially at low coverage) can
be understood in two aspects: the cost of distorting
the Cu lattice and interaction of Si with Cu. As Si
and Cu have similar atomic radii, the cost of distort-
ing the Cu lattice may be small. Moreover, the at-
tractive interaction of Si with Cu gains more energy
than required to break the Cu{Cu bonds.
The calculated surface energies per (2  2) area
are shown in Fig. 4. For clarity, only the most rele-
vant structures are shown. From Fig. 4(a) we can see
that for the allowed range of the Si chemical poten-
tial, Fig. 1(1B3s), i.e. c(2  2)-Si/Cu(100), is ener-
getically most favourable. Under Si rich conditions
Figs. 1(1C2s), 1(1D1), and 1(1D2s) become compa-
rable in energy with Fig. 1(1B3s). On Cu(111) sur-
face [Fig. 4(b)], it can be seen that Fig. 2(2A3s) is
the energetically most favourable structure in rela-
tively Si-poor environments. In Si-rich environments
Fig. 2(2B3s), i.e. c(2  2)-Si/Cu(111), has a lower
energy. From the above results we can see that or-
dered c(2  2)-Si/Cu(100) and c(2  2)-Si/Cu(111)
structures are energetically favourable structures un-
der appropriate growth conditions. Since we use a
relatively small unit cell in the calculations we cannot
exclude the possibility that there are other structures
with lower energy.
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Fig. 3. Calculated average adsorption energies of Si on (a)
Cu(100) and (b) Cu(111) surfaces for various coverage with
respect to bulk Si. The lowest adsorption energies for pure
on surface adsorption and substitutional adsorption are rep-
resented by squares in the gure. The solid lines connecting
the calculated adsorption energies are used to guide the eyes.
Fig. 4. Relative surface energies for various structures of
Si adsorption on (a) Cu(100) and (b) Cu(111) surfaces.
The dashed lines indicate the range of Si chemical poten-
tial in units of eV.
For example, (3  4) reconstruction on c(2  2)-
Si/Cu(110) has been reported experimentally under
Si-rich condition.[1]
In summary, the adsorption of Si on Cu(100) and
(111) surfaces, which is related to the initial stage of
formation of Si/Cu interface, has been investigated by
ab initio total energy calculation. Our results show
that the Si atom is active towards incorporation into
the rst outermost layer of Cu(100) and (111) surfaces
(especially at low Si coverage) while pure on-surface
adsorption or incorporation into deeper layer turns
out to be less favourable. The c(2  2)-Si/Cu(100)
have the lowest surface free energy for a large range
of Si chemical potential while c(2  2)-Si/Cu(111)
is lower in energy only under the Si-rich condition.
Therefore, in addition to c(22)-Si/Cu(110) that has
been formed experimentally, c(2 2)-Si/Cu(100) and
c(22)-Si/Cu(111) are able to form under appropriate
growth conditions.
The author is grateful to Z. Q. Tian and Z. L. Yang
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